Thin adhesive films can be removed from substrates, torn, and folded in distinct geometries under external driving forces. In two-dimensional materials, however, these processes can be self-driven as shown in previous studies on folded twisted bilayer graphene nanoribbons produced by spontaneous tearing and peeling from a substrate.
tion is thus stabilized when the balance between the energies involved in bilayer formation, bending, peeling and tearing is reached. In general, the interlayer interaction between twodimensional crystals is non-isotropic and depends on the interlayer lattice registry, 7-9 factors shown to have a strong effect in self-driven structure configurations. [10] [11] [12] At the same time, the different energies involved depend on the geometric factors of the structure (e.g. length,
width, bending radius, etc). Therefore, stable configurations are expected to exhibit correlations between geometric parameters, that may be used as a guide to specifically design bilayers and folded nano-arcs from self-assembly.
The central subject of our study are graphene ribbons folded out of monolayer graphene (MLG) prepared by mechanical exfoliation of natural graphite onto a silicon dioxide (SiO 2 ) substrate. Folding events are initiated by scratching graphene via AFM nanomachining (see Methods), whereupon µm 2 -sized bilayer areas emanate from the ruptured trench or the flake edge (Fig. 1a) . Ribbons generally tear out of the mother flake along two paths while staying connected to the bottom via a folded edge (Fig. 1b) . Results presented were obtained from the analysis of a set of 16 self-assembled ribbons, from 7 different flakes on top of 6 different substrates. All experiments were carried out in ambient conditions.
Top and bottom lattices of these prepared structures will in general be rotationally mis- Figure 1 : Twisted bilayers of folded graphene ribbons. a AFM topography of a fold in graphene; the stylized AFM probe and white arrow illustrate the process of nanomachining (AFM tip motion). Scale bars span 1 µm in the lateral (black) and 10 nm in the colored bar. b Schematic of a ribbon folded out of graphene lying on a substrate with interlayer distance ∆h as well as width w, and cross-sectional arc ζ of the folded edge indicated in the figure. The interlayer twist angle φ between folded flap and mother flake is illustrated around the z-axis of rotation. c Atomic-scale schematic of folded graphene: in the TBG area, a commensurate superlattice unit cell with wavelength is highlighted as white hexagon; crystallographic axes (green) are mirrored at the folded edge and enclose the twist angle φ.
aligned in terms of their respective crystallographic directions (Fig. 1c) ; i.e. ribbons and their substrate MLG constitute twisted bilayer graphene (TBG) structures. This material system is host to a great variety of interesting physics [7] [8] [9] [11] [12] [13] [14] [15] [16] [17] [18] [19] originated in the geometric superposition of the twisted lattices. Superstructures may be strictly periodic or incommensurate, depending on the corresponding rotational mismatch angle φ.
18,20,21
We have determined the interlayer twist angle φ (see Methods) for a number of selfassembled folded ribbons and observed that most values accumulate between 20°and 30°, as depicted in Fig. 2a . Interestingly, the observed rotational mismatch coincides with low densities of commensurate interlayer configurations around 21.8°and 27.8°as marked in the corresponding parameter space shown in Fig. 2b .
The underlying reason is likely to be found in the self-assembled nature of this bilayer structure formation, as identified by Annett et al.:
6 starting from a folded-over flap with only nanometers of overlap onto the underlying MLG, the ribbon's growth is activated by thermal fluctuations and progressively stabilized by the gain in bilayer adhesion which overcompensates for the energy loss from tearing and peeling from the substrate. Maximal expansion is typically reached on a timescale below the AFM image-frame acquisition.
As the bilayer forms in a forward sliding motion, its growth process is favored by lower friction between the bottom and growing top layer. The extremely low friction condition, termed superlubricity, 22, 23 has been associated with incommensurate stacking configurations.
Very low commensurate and fully incommensurate structures are most likely to be found in the range of values for φ observed predominantly in our self-assembled TBG (low density of small-wavelength commensuration, green backdrop in Fig. 2b) . Alternatively, the assumption of an impeded growth of commensurate structures due to friction, is consistent with the absence of large numbers of commensurate bilayer graphene ribbons (Figs. 2a,b ).
Rotational mismatch does not only determine the growth probability of a self-assembled ribbon but is also a quantitative predictor of its final geometrical structure: Figure While it is plausible that the discrepancy between theory and experiment lie in a sparse ordered intercalation of adatoms keeping top and bottom layers apart at a uniform distance, a more intrinsic mechanism involving superlubricity appears more likely. We propose that the existence of a superlubric state, 22, 23 facilitated by lack of interlayer commensuration, enables the growth of these ribbons in the first place. 6 Unfortunately, there is a lack of appropriate theory models to describe these incommensurate stacking structures because of the absence of periodicity, in stark contrast with lattice-periodic structures 9 . that, whichever reason applies, i.e. intercalation or superlubricity, the effect correlates with interlayer twist, suggesting a causal connection between the minimum in ∆h and the dip in min , situated around a value of relative interlayer orientation of φ = 25°(Figs. 2b,c).
We have observed another interesting correlation between the orientational mismatch and the width of a folded nanoribbon in its final configuration, defined in Fig. 1b as w. With values that vary between 0.08 µm and 5.01 µm, w oscillates as a function of the interlayer twist, and displays a pronounced decline towards a minimum value of φ = 25° (Fig. 2d) , similar to the dependence observed for ∆h(φ).
To understand the origin of these dependencies, we turn to the internal energy U of the torn and folded system (see Supplementary Information): from the vanishing of the partial derivative ∂U/∂L gg , where L gg is the length of the growing bilayer graphene area (see Fig. 4c ), one finds
where γ gg , γ gs and λ are the graphene-to-graphene adhesion energy density, graphene-tosubstrate adhesion energy density, and tear energy density per ruptured path, respectively.
Notice that dissipative contributions due to friction are neglected in the derivation of the expression above, as we assume a superlubric TBG interaction. This relation corresponds to the one obtained in Ref. 6 for taper angles θ 0, consistent with measured values cos θ = (0.98 ± 0.01) ≈ 1 across the whole range of our samples.
According to Eq. 1, the twist-angle dependence of w may be caused by either of the contributing energy densities, evidence of the high sensitivity of TBG superstructure formation to the specific values of twist angles 18, 20, 21 (see Fig 2b) . However, a closer analysis suggests the bilayer adhesion energy density γ gg to be the most probable cause for the dependence observed. To a lesser degree, λ is expected to vary slightly, depending on the direction of tearing paths consistent with the measured values of taper angles, while the adhesion energy density γ gs between graphene and the amorphous substrate is largely isotropic.
In principle, the bilayer interaction depends on both the twist angle and the interlayer separation, however as Fig. 2c shows, these are not independent variables for self-grown
The relation between w and ∆h as obtained from the measured samples is analyzed in Fig. 3 that shows data accumulating around the diagonal of the double-logarithmic plot window. This correlation is consistent with the similar φ-dependencies measured for both magnitudes shown in Fig. 2c, 2d . Note that a local minimum in w may be identified around ∆h = 3.5 Å. To quantify these observations we model the bilayer interaction energy density γ gg with the interlayer-distance dependent Morse potential
where M defines the maximum adhesive potential strength, σ adjusts for the spatial extent of the potential and ∆h 0 defines the optimal layer separation. We use this expression to represent γ gg in Eq. 1, and obtain the function w(∆h) to fit the data. The quantities M , σ and ∆h 0 , treated as free parameters, were constrained by corresponding fits of Eq. 2 to theoretically predicted interlayer potentials for AB-and AA-stacked graphene bilayers respectively 12 (see Supplementary Information).
The resulting fitting function is displayed as the black curve in Fig. 3 : starting at small interlayer distance, the folded width declines up to a minimum, corresponding to a maximal value for γ gg beyond the dominion of repulsive short-range interaction. Increasing values of w for ∆h > 3.5 Å reflect the waning of the attractive long-range contributions due to an increased interlayer separation.
The corresponding fitting parameters are listed in the caption of Support for these scenarios is provided by the variation in λ from sample to sample: when allowing for a certain range of values for λ, as mentioned in the caption of Fig. 3 , the full scattering in the data is accounted for while maintaining an unchanged set of the remaining fitting parameters (gray lines at the bottom and top of Fig. 3 ).
Finally, the bended edge connecting top and bottom layer is unique to the folding approach in the formation of the TBG. In terms of electronics, it is e.g. predicted to give rise to snake states 27 and has been linked to transport features independent of perpendicular magnetic field.
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Due to a finite bending rigidity D, the folded graphene arc usually protrudes above the TBG plane as resolved in AFM topography (Fig. 4a) . We find the bump height ∆b to vary between virtually zero and up to 8.5 Å (Fig. 4b) . To relate the folded section to the above discussed structural parameters, the full arc ζ is divided in two contributions ζ ∆b and ζ R as depicted in Fig. 4c . The quantities ∆b and bending radius R, are related to the interlayer distance ∆h via
From this expression we deduce magnitudes for R between 1.7 Å and 6.3 Å. These values exhibit a strong correlation with the measured values for the corresponding ribbon's width w, revealing that the self-growth process is driven by a variable cross-sectional shape. The newly found relation corresponds to a different self-growth regime from the one identified in previous experimental studies 6 where self-directed growth was dominated by changing widths and assumed to occur with constant cross-sectional shapes (fixed binding energy), or with focus on the bending stiffness. 28, 29 On the other side, theory studies have addressed conditions for fold formation such as growth beyond a minimal critical length independent of ribbon width, 30 or fixed interlayer separation of self-folded mono and multi-layer graphene, 31 with an analysis of transport consequences of folded arcs. 27 We note that neither of these are applicable to the ribbons reported in this work.
As a consequence, a different picture emerges when a full edge profile of a self-grown ribbon is considered. In this approach, ∆h and w (related via Eqs. 1 and 2) are considered fixed quantities ∆h * and w * within a given sample, both determined by the interlayer twist angle (Fig. 2c, 2d) . The folded arc is modeled as a semi-circle of length ζ R = πR, where the descending part of length ζ ∆b is, for simplicity, parametrized by two independent variables ∆b = 2R − ∆h * and ∆L (see Fig. 4c ). Note that the condition imposed by Eq. 1 remains unaffected by these choices (see Supplementary Information for further details). After using Eq. 1 to simplify the expression for the internal energy U , we require ∂U/∂R = 0 in the equilibrium condition, obtaining the relation:
where f (∆b, ∆L) represents the path integral along ζ ∆b over the curved region, determining the bending energy associated with the descending arc U ∆b = Dw 2 f (∆b, ∆L). This contribution can be parameterized by an effective curvatureκ ∆b that can be compared with the one determined by the fixed radius R. It is useful also to introduce an effective angleα defined by ∆b ≈ ζ ∆b sinα that, combined with Eq. 3, renders ∂ζ ∆b /∂R ≈ 2/ sinα (see Fig. 4c ). In the regimeκ ∆b R −1 , we find The dependency of R on w * predicted above, is confirmed in our data as shown in 
Conclusion
In conclusion, our study points toward a pivotal role of interlayer commensuration in twisted bilayer morphology. The strong dependence of the interlayer adhesion energy density with twist angles and corresponding interlayer separations reveals a rich parameter space that can potentially be explored during the growth of folded graphene ribbons. Refinement in nanoindentation techniques in conjunction with a more precise knowledge of sample crystallography may allow for control over interlayer twists. This may ultimately enable tailored ribbon synthesis at preplanned layer separation, as well as customized folded arcs which could be exploited e.g. in devices with built-in ultrahigh pseudo-magnetic fields. Moreover, folded sandwich-structures including an insulating layer (e.g. hexagonal boron nitride) will enable three-dimensional device structures with defined current flow along the cross-sectional arc of the folded edge, and have potential application in the developement of rolled-up capacitors. 
is used to fit the data. Individual contributions from MLG and TBG are plotted in brown and orange respectively. Interlayer distance is extracted from fitting results as ∆h = h TBG −h MLG , where the error is defined as sum of fitting uncertainties in h TBG and h MLG .
